Introduction
The degree of hearing rehabilitation has remarkably increased since introduction of cochlear implants (Cls). In the beginning, CI was developed as an electronic device to facilitate deaf people to get a sound impression of the surrounding environment. Over the next years, its specifications were broadened to include people with severe to profound hearing loss as well as children. This expansion was possible as a result of continual development of these systems. A significant progress has been especially made in the combined acoustic and electrical stimulation (bimodal stimulation) with introduction of the next generation of electrode arrays. The flat electrode arrays can be endosteally inserted into the cochlea without damaging the residual acoustic function postoperatively. This is a prerequisite for a successful bi-modal stimulation. In order to optimise the design of such implant electrodes, detailed models of the cochlea are needed. Hence, besides a geometrical model of the cochlea, it is essential to have highly accurate values of the material properties of all constituents, including the cochlear membranes for which this data is still lacking. Thus the establishment of a novel in vivo method is highly desirable.
Methods
In order to get accurate values of the membrane properties in vivo, simulations and measurements on an in vitro model [1] (Fig. 1) , devised for this purpose, are being performed. The in vitro model consists of a special plexiglass chamber and a two glass microelectrode measuring configuration. The chamber model offers a very simple way of filling, refilling and changing of electrolytes (i.e.
representing the endolymph and the perylimph) as well as a possibility to easily apply and remove observed tissues. The two microelectrodes have different tip dimensions, they are made of different types of glass and they are fixed to each other in a certain angle. Both electrodes are filled with electrolyte (3M CH 3 COOK). The shorter thicker electrode, which is taken as a bath electrode (U = 0 V), is made of a borosilicate glass and has a tip diameter of 5-10 µm. This microelectrode is brought over the membrane. The longer thinner electrode is approximately 150 µm longer than the other electrode and it is made of quartz glass with a tip diameter < 1 µm. The latter penetrates the membrane, through it a linear chirp current signal is injected and it registers the voltage drop. The injected current and the measured voltage data are the input data for calculation of the impedances. The obtained results are afterwards used for computing the electrical conductivity and the electrical permittivity of artificial and biological membranes; the first ones are used for calibration. To determine the impedance profile of the membranes impedance spectroscopy is used. (Fig. 1) . Therein, as problem-specific module the AC/DC Module was chosen for the 3D numerical simulations. This module provides several interfaces offering different study types which enable an easy definition of the concrete problem and calculation of output parameters in frequency, time or stationary domain. Self-written codes in Matlab ® are used for parameter identification and Fourier analysis. Additionally, a second model of the in vitro experimental setup is created and studied in Matlab ® /Simulink ® . The lumped parameter model mimicries the in vitro environment and allows exceptionally good analysis and comparison of simulated and measured membrane impedance values.
Results
In order to gain a particular knowledge of the properties of the in vitro system, the model has been gradually studied. Initially, for analysing the electrical properties of the microelectrode tip, a parallel RC equivalent circuit has been considered. It has been assumed that R is the resistance concentrated in the tip of the microelectrode whereas C is the capacitance arising as a consequence of the glass wall behaving as a dielectric surrounded by electrolytes which act as conductors [2] (Fig. 2) . Therefore, a COMSOL-model of one fluid-filled glass microelectrode (tip data: Ø 20 µm, L=1000 µm, thickness of the glass linearly increasing 5-25 µm) immersed in a salt solution was designed which contributed for a better understanding of the electrical properties of such a microelectrode. To verify the existence of a parallel RC equivalent network, the electrode was subjected to a sine wave analysis (I = 1 pA; f = 0 Hz -1 GHz. Hence, Nyquist plots of the impedance were generated and used to verify the presence of an equivalent parallel RC circuit (Fig. 3) . Eventually, the values of the R and C lumped elements were identified (Fig. 4) by using the Matlab ® implementation of the Nelder -Mead -Simplex method for finding the minimum of a scalar function of several variables. 
The Nyquist plots of impedance values computed in COMSOL Multiphysics
® indicated an existence of two equivalent parallel RC elements in series. Moreover, it was presumed that one parallel RC circuit represents the glass microelectrode tip while the second one exists between the microelectrode and the bath electrode. The parameter identification has shown that the adopted RC circuit was valid for a broad frequency range. However, in the high frequency range >10 MHz, further parasitic lumped elements appear which contribute to a slight deviation between the computed and identified values. The same analysis was performed on a two electrode system (tip data: Ø 0.5 µm, L=1000 µm, thickness of the glass linearly increasing 0.1-1µm; tip data: Ø 5 µm, L=850 µm, thickness of the glass linearly increasing 1-4 µm). Next, the identified values were assigned in the lumped parameter model in Matlab ® /Simulink ® (Fig. 4 ) and a test analysis was done (Fig. 5) . 
Discussion
The first steps in the process of establishing a novel in vitro system have been already achieved. The numerical models provide unbounded possibilities for studying various in silico scenarios to evaluate and optimise the measurement configuration parameters. Subsequently, a systematic elaboration of the measurements has been carried out and test experiments on artificial as well as biological membranes have been conducted. Moreover, the in silico model has to be validated and a comparison with experimental measurement data should yield possible discrepancies between results.
